seeds from fifty native amazonian Fabaceae species (representing subfamilies caesalpinioideae, Mimosoideae and Faboideae) were screened for the presence of new lectins. their crude protein extracts were assayed for hemagglutinating activity (ha). the protein fractions of Anadenanthera peregrina, Dimorphandra caudata, Ormosia lignivalvis and Swartzia laevicarpa exhibited ha, and this activity was inhibited by galactose or lactose but not by glucose or mannose. the crude extract of S. laevicarpa exhibited ha activity only after ion exchange chromatography, and its lectin was further purified by affinity chromatography on immobilized lactose. Despite the large number of lectins that have been reported in leguminous plants, this is the first description of lectins in the genera Anadenanthera, Dimorphandra and Ormosia. the study of lectins from these genera and from Swartzia will contribute to the understanding of the evolutionary relationships of legume lectins in terms of their protein processing properties and structures.
introDUction
Bioprospecting from wild plant diversity (i.e., natural bioresources) in search of useful medicinal, agricultural and other non-wood forest products can help solve some of humanity's pressing challenges. this effort can also help address evolutionary questions that have not yet been answered. Plant lectins found in the seeds of amazonian leguminous species are a particularly intriguing target for bioprospecting. lectins are constitutive proteins that possess non-catalytic carbohydrate-binding sites and are non-immune origin (Van Damme et al., 1998) . lectins are widespread in nature, and a detailed definition based on their structural features has been proposed to classify these proteins (Mo et al., 2000; Pinto et al., 2009; ito et al., 2011) . lectins have been reported in bacteria, viruses, fungi, animals and plants, but most known lectins are found in legume seeds (Nasi et al., 2009 ).
Because lectins can bind glycoconjugates regardless of their origin, they have become an important tool in a wide variety of studies, including cell-cell recognition and cell activation North et al., 2011) . they also provide a unique model to study protein-carbohydrate interactions at the atomic level Debray et al., 2009) . these potential uses have motivated the continued search for new lectins and for seeds to be prioritized for screening. although more than a century has passed since the first lectin was reported, and some screening studies periodically reveal novel lectins, many potential lectin sources remain to be examined. throughout the history of lectin research, legume seeds have been screened for lectin activity. almost all of our current knowledge regarding the structure, specificity and affinity of lectin-carbohydrate interactions has been achieved by studying legume lectins (loris et al., 1998) . Furthermore, structural data for legume lectins have helped to establish the evolutionary relationships among leguminous taxa (rougé et al., 1987; rougé and Varloot, 1990; Barre et al., 1994) . the amino acid sequences and post-translational processing of lectins from the more derived legume tribes, such as Parkiae and Phaseoleae, have proven useful in supporting the chemotaxonomy of these groups (Gallego del sol et al., 2005; Moreno et al., 2008) . however, numerous legume taxa, especially in the more primitive groups, such as sophoreae and swartziae (subfamily Faboideae), have been poorly studied. the study of lectins of the genera Swartzia, classified in the tribe swartzieae, it will contribute to the understanding of the evolutionary relationships of lectins of legumes, in terms of the protein processing properties and structures, since the species sheltered in this tribe they possess floral morphologic characteristics of transition between subfamily caesalpinioideae and Faboideae (herender, 1994) . except for lectins derived from Sophora japonica (Ueno et al., 1991; Van Damme et al., 1997 ) and a preliminary report on Swartzia pickelii (cavalcanti and coelho, 1990) , no lectin has been described in either of these groups. to describe novel plant lectins, the seeds of fifty species of native amazonian Fabaceae, including representatives of sophoreae and swartziae, were screened for ha. here, we report the occurrence of lectins in previously unstudied legume groups. in addition, we investigate the hypothesis that the plant lectins found in seeds from different subfamilies of Fabaceae in the amazonian rain forest reflect the evolutionary history of these taxa.
Material anD MethoDs
botanical material: the mature seeds of fifty native Fabaceae species were collected throughout 2010 at various sites in the amazonian rain forest, Brazil. individual vouchers were prepared for each seed collection. these materials were deposited at the institutional herbarium of the National institute for research in the amazon (MctiiNPa) and were identified by specialist in Fabaceae. table 1 lists the species that were studied. the seed coat was removed, and the seeds were powdered and stored at 4°c until they were used. chemicals: experimental carbohydrates, electrophoresis reagents, α-lactose-agarose and Deae sepharose were obtained from sigma-aldrich chemical company (st. louis, Usa). Molecular weight markers were purchased from Promega corp., Madison, Wi, Usa. all other chemicals employed in this study were of analytical grade.
protein extracts: the powdered seeds were suspended in 150 mM Nacl (1:10, w/v) and stirred for 2 h at 25°c. the resulting suspensions were centrifuged at 20,000 x g at 4°c for 20 min. the precipitates were discarded, while the soluble phases were dialyzed in distilled water for 72 h at 4°c. the soluble protein fraction of each extract was recovered after an additional centrifugation step, as described above, and freeze dried. these lyophilized extracts were used in all further determinations.
hemagglutinating assays: the extracts were screened for lectin activity by determining the hemagglutination (ha) titer of each sample in a 2% (v/v) rabbit or rat erythrocyte suspension in a U-bottomed microtitration plate. the protein samples were dissolved in tris-buffered saline (100 mM tris-hcl, ph 7.6, added to 150 mM Nacl) at 5 mg/ml and serially diluted in the plates using the same buffer before the erythrocytes (25 µl) were added. the assays were stored at 25°c, and the ha titers were recovered after 2 and 24 h. the inhibition of ha activity was evaluated as previously described (ramos, 1997) . Briefly, the samples that exhibited minimal ha activity were first incubated with decreasing concentrations of different carbohydrates (100 mM) and further mixed with 2% (v/v) erythrocyte suspension. the inhibition of hemagglutination was recorded after 24 h. chromatography: the samples were subjected to ion-exchange chromatography on Deae sepharose that had been equilibrated with 50 mM tris-hcl, ph 8.0. after loading, the samples were first eluted in the same buffer, followed by the stepwise addition of Nacl (0.1 M, 0.5 M and 1 M). the absorbance of the collected fractions was monitored at 280 nm. the fractions containing each recovered protein peak were assayed for their ha activity as described above.
affinity chromatography was performed on α-lactoseagarose in buffered saline containing 5 mM cacl 2 and 5 mM Mncl 2 . the samples (200 mg) were applied to the column and initially eluted with buffered saline. after washing the unbound proteins, the column was eluted with 100 mM glycine, ph 2.6, containing 150 mM Nacl. each protein fraction was assayed for ha after dialysis and lyophilization. electrophoresis: Polyacrylamide gel electrophoresis (sDs-PaGe) was used to examine the protein fractions from the chromatography peaks according to the laemmli method (laemmli, 1970) . the protein samples were dissolved in 0.0625 M tris-hcl, ph 6.8, under denaturing conditions (1% sDs and 1% b-mercaptoethanol) and loaded on a 12.5% polyacrylamide gel. the proteins were separated at 200 V and a maximum current of 15 ma at 20°c and observed by staining the gels with coomassie brilliant blue r-250. resUlts anD DiscUssion protein extracts: screens for lectin activity frequently utilize different ph conditions for protein extraction and different erythrocyte sources for testing ha activity (ainouz and sampaio, 1991) . in the present study, the proteins were extracted with 150 mM Nacl because lectin-containing extracts are commonly active under this condition. to evaluate the diversity of the extracted proteins, the extracts were analyzed by electrophoresis. the protein profiles of the extracts that exhibited ha activity are shown in Figure 1 . the extracts contained a wide range of proteins, suggesting that the protein extraction procedure was successful.
new lectins: the seeds of fifty native amazonian Fabaceae species were screened for lectin activity based on the ability of their protein extracts to agglutinate rabbit or rat erythrocytes. the species were chosen based on their taxonomic positions or evolutionary relationships within the various legume tribes (table 1). this strategy was chosen because numerous legume lectins have been described in species of Phaseoleae (notably from the subtribe Diocleinae) and Vicieae (mainly in Pisum and Lathyrus) and, to a lesser extent, in members of loteae, robineae, crotalareae, abreae and Dalbergiae, while other groups have been poorly investigated. the present study included several representatives of the more primitive groups of legumes (subfamily Faboideae), especially sophoreae and swartziae, which have been the subject of few lectin studies. figure 1. sDs-PaGe of protein extracts from seeds of amazonian Fabaceae. electrophoresis was performed on a 12.5% gel, and the proteins were visualized by staining with coomassie brilliant blue r-250. lanes 1 and 6, molecular weight markers; lanes 2, 3, 4 and 5, crude extracts of Dimorphandra caudata, Anadenanthera peregrina, Ormosia lignivalvis and Swartzia laevicarpa, respectively.
ha activity was observed earliest in the extracts from Anadenanthera peregrina, Dimorphandra caudata and Ormosia lignivalvis, which belong to Mimoseae, caesalpinieae and sophoreae, respectively. although hemagglutination was easily seen after 24 h, it was always weak. rabbit erythrocytes were agglutinated by Dimorphandra caudata [titer: 2 4 (ha = 16)], while rat erythrocytes were agglutinated by Anadenanthera peregrina [titer: 2 6 (ha = 64)] and Ormosia lignivalvis [titer: 2 7 (ha = 128)]. the ha activity of these extracts was lost when the samples were heated at 100°c for 10 min before they were tested; therefore, proteins were likely to be responsible for the observed ha activity.
the Swartzia protein extracts exhibited a strong hemolytic effect, which inhibited the measurement of lectin activity and suggested the presence of hemolysins or saponins. however, because hemolysis persisted even after the extract was heated, saponins were likely responsible for the occurrence of hemolysis rather than hemagglutination (Konozy et al., 2002) . Because Swartzia species are of great evolutionary importance within the legume family and because little consistent information is available regarding lectins in this group, the lectin activity of the Swartzia extracts was reexamined. the Swartzia extracts were fractionated by ion-exchange chromatography to separate the hemolytic agents from the putative lectins. the Swartzia laevicarpa protein extract was fractionated into three protein peaks. Further tests for ha activity showed the presence of lectin activity in the fraction that was eluted with 0.1 M Nacl, while hemolysis was observed in the fraction that was eluted with 0.5 mM Nacl (Figure 2a and B) . these activities remained after the protein fractions were dialyzed and lyophilized. however, the ha activity was lost after heating, suggesting the presence of lectin. the protein profiles of the peaks obtained from ion-exchange chromatography were further examined by electrophoresis (Figure 3a) . the ha fraction (Deae-Pii) showed very few protein bands, while Piii contained major proteins and retained its hemolytic activity ( Figure 2B ). . anion exchange chromatogram of the Swartzia laevicarpa extract on a sepharose fast flow column and hemagglutinating activity of peak i, ii and iii. a, For the analysis a 20-ml sample (2.5 mg/ml) was applied to a Deae column (20 ml) that had been pre-equilibrated with 50 mM tris-hcl, ph 8.0. Peak i (Pi) was eluted with the same buffer, while Pii and Piii were eluted by stepwise (0.1, 0.5 and 1.0 M) increases in Nacl concentration, as indicated by the arrows. Fractions (2 ml) were collected at a flow rate of 0.5 ml/min and monitored spectrophotometrically at 280 nm. B, Non-retained protein (Pi), ha (Peak ii) and hemolytic activities (Piii) of Swartzia laevicarpa extract fractions were separated by ion exchange chromatography and determined using 2% (v/v) rabbit erythrocytes. as stated above, the active extracts exhibited weak ha despite the experimental conditions that were utilized. Because previous ha assays have used various sources of erythrocytes, the poor agglutination observed in this study and the hemolytic activity associated with these extracts may have discouraged the further study of these plant species in previous screens. legume lectins often strongly agglutinate rabbit erythrocytes. For example, those from Erythrina, Dioclea and Canavalia exhibit strong agglutination (ha greater than 2024) of rabbit erythrocytes, and more than 30 lectins have been purified from these groups (Konozy et al., 2002; Konozy et al., 2003) .
carbohydrate-binding specificity: the agglutinating extracts were mixed with carbohydrates that are commonly used to investigate the primary specificity of lectins, such as glucose and galactose. as shown in table 2, the ha activity of all of the extracts was inhibited in the presence of lactose. Galactose inhibited the extracts of Anadenanthera peregrina, Ormosia lignivalvis and Swartzia laevicarpa, but it did not inhibit those of Dimorphandra caudata. Glucose did not inhibit hemagglutination. these results suggest that all of the new lectins described here belong to the Gal/GalNac group. 
anadenanthera peregrina --+ +
(1)
Swartzialaevicarpa (Pii) --+ + Note: ha performed with (1) rat or (2) rabbit erythrocytes suspension (2 % v/v). inhibition: (+), not inhibitory: (-).
swartzia lectins: in the present study, seven Swartzia species were screened for lectin activity. all of these extracts exhibited strong hemolytic activity that persisted even after the extracts were heated. however, the detection of lectin activity in Swartzia laevicarpa extract after chromatographic separation suggested that lectins would be present in other Swartzia extracts. therefore, the Swartzia protein extracts were compared by electrophoresis ( Figure 3B) . surprisingly, the various Swartzia extracts exhibited distinctive protein profiles, and this direct comparison of their protein contents was discontinued. By following the same protocol used for S. laevicarpa, all of the Swartzia extracts were fractionated by ion exchange chromatography. Once more, the protein fractionation patterns differed strongly among the extracts, but hemolysis was still observed (data not shown). surprisingly, ha was not observed in the protein fractions of S. argentea, S. pendula, S. polyphylla and S. sericea. however, the protein fractions of S. ingifolia and S. longistipitata exhibited ha. their extracts were fractionated in two and four peaks, respectively (data not shown). among all of the protein peaks that were examined, ha was observed only in Piii-300 mM Nacl (S. ingifolia) and Pi-100 mM Nacl (S. longistipitata), and both were strongly inhibited by galactose (< 10 mM) and lactose (< 10 mM). We conclude that lectins are present in Swartzia species, but distinct protocols are needed to extract and purify these proteins. Because the ha of S. laevicarpa was more consistent and was clearly inhibited in the presence of lactose, its protein extract was further separated by affinity chromatography on an α-lactose-agarose column. as shown in Figure 4a , after the unbound proteins had been washed from the column, the protein fraction that was retained on the matrix was eluted by changing the ph conditions. the retained protein fraction (Pii) still exhibited ha that was inhibited by galactose and lactose; however, the proteins that were eluted in Pi did not exhibit these properties. therefore, the lectin fraction was examined by electrophoresis, and a major protein band with an apparent molecular mass between 27 and 30 KDa was observed ( Figure 4B ). this protein is now the target of further purification and biochemical characterization studies. the results reported here suggest that Swartzia lectins are probably most inhibited by lactose and that affinity chromatography on immobilized lactose is likely the most effective technique to purify these new lectins.
evolutionary implications: Detailed analyses of the amino acid sequences and three-dimensional structures of legume lectins have proven useful in elucidating the phylogeny of legume taxa (loris et al., 1998; Oliveira et al., 2008) . the events associated with the post-translational processing of legume lectins and the quaternary associations of their monomers also provide information regarding the evolutionary relationships of these proteins (Barre et al., 1994) . For example, the seed lectin of Vatairea macrocarpa (tribe Dalbergiae) is the first galactose-specific lectin reported to exhibit post-translation processing similar to that seen in glucose/mannose-specific lectins in the sub-tribe Diocleinae (calvete et al., 1998; Konozy et al., 2002) . Furthermore, the protein profiles of these lectins as observed by polyacrylamide electrophoresis are almost identical; the lectins are composed of three distinct bands corresponding to particular chain fragments produced by proteolytic processing (Konozy et al., 2002) . these results suggest that the legume lectins belong to multiple distinct groups. For example, in terms of their biosynthesis, the lectins found in Phaseoleae (sub-tribe Diocleinae) and Dalbergiae may be more similar to each other than to other legume lectins that belong to more closely related taxa, such as Vicieae and Diocleinae. Because Swartzia represents primitive legume group, Swartzia lectins may provide novel insights regarding legume evolution and the relationships of legume lectins. the electrophoresis pattern and observed molecular weight of the putative S. laevicarpa lectin identified here are nearly identical to those of a seed lectin from Sophora japonica (hankins et. al. 1987) . the tribe sophoreae is closely related to swartziae and may have evolved from within the latter group.
the present study has successfully reported the occurrence of lectins in primitive legume groups (subfamily Faboideae) and has provided new insights regarding the detection and purification of Swartzia lectins. . affinity chromatography of the Swartzia laevicarpa protein extract on an α-lactose-agarose column and determination of the relative molecular mass of peak ii. a, For analysis a 20-ml sample (10 mg/ml) was applied to a column (25 ml) that had been pre-equilibrated with 100 mM tris-hcl, ph 7.6, plus 150 mM Nacl and 5 mM cacl 2 /Mncl 2 . Peak i (Pi) was eluted with the same buffer, while Pii was eluted after the addition of 100 mM glycine-hcl and 100 mM Nacl, as indicated by the arrow. Fractions (2 ml for Pi and 4 ml for Pii) were collected at a flow rate of 20 ml/h and monitored spectrophotometrically at 280 nm. B, 12.5% polyacrylamide gel electrophoresis of the retained protein (Pii), non-retained protein (Pi) and total protein extract of S. laevicarpa (2). Molecular weight markers are the same as reported in Figure 1 . Peak ii exhibited ha, which was most inhibited by 25 mM lactose. acknowledgements: this study was supported by grants from the Brazilian council for research and Development (cNPq -BioNorte Project n°. 554307/2010-3). We thank J.F.c. Gonçalves and M.V. ramos of the Brazilian council for research and Development (cNPq). We also thank annie Gilot of the University of illinois and aJe for revising the english of the manuscript.
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